Ultrasonic emulsification is known to be useful in preparation of nanoemulsions, because use of surfactant can be reduced. Moreover, nanoemulsions with droplet diameters of around 100 nm can be prepared by sequential ultrasonic irradiation from low to high frequency. In this study, oil-in-water systems of toluene-water emulsions were prepared by ultrasonic emulsification and mechanical emulsification. Ultrasound emulsification was found to be more suitable than mechanical emulsification with a homogenizer. In addition, a two-step emulsification method was applied to preparation of emulsion. Crude emulsion was prepared mechanically in the first stage, and this was irradiated with ultrasound in the second stage. The droplet size of the emulsion was found to be influenced by the relationship between droplet size of the crude emulsion and ultrasonic frequency in the second stage. Click here and insert your abstract text.
Introduction
Emulsions are used in many industrial fields such as reaction field of polymerization, cosmetics, ink, and food etc. It is important to control the droplet size to design the property of products. Ultrasonic emulsification is known to be useful in preparation of nano emulsion, because use of surfactant can be reduced (Abismaïl, 1999) . Moreover, Nakabayashi et al. (2011) have reported that nano emulsion whose droplet diameter is around 100 nm is able to prepare by sequentially ultrasonic irradiation from low frequency to high frequency. However, the effects of ultrasound on preparation of nano emulsion has not been investigated well. In this study, oil in water system of toluene -water emulsion as a model case is prepared using ultrasonic emulsification and mechanical emulsification. We also investigate sequential emulsification process. Especially, we focused on the relationships between the droplet size of crude emulsion and ultrasonic frequency in the second step. Figure 1 shows the complete experimental apparatus. A stainless steel vibration plate with an attached PZT transducer (Honda Electronics Co., Ltd.) was installed in the center of a water bath at its bottom. The diameters of the vibration plate was 100 mm; the diameters of 22.8 and 127 kHz transducers were 45 mm each, whereas those of 490, 1640, and 4600 kHz transducers were 50 mm each. The transducers were driven by a power amplifier (1040L, E&I), which in turn was driven by a continuous sinusoidal wave produced using a signal generator (WF1974, NF Corp.). The effective electric power input to the transducer was calculated from the voltage at both ends of the transducer, and the current, which was measured using an oscilloscope (TDS3012C, Tektronix Inc.) and a current probe (TCP202, Tektronix Inc.). The diameter and approximate volume of the glass reactor were 25 mm and 30 × 10 6 m 3 , respectively. The temperature of the water bath was maintained constant. Table 1 shows the irradiation distance for various frequencies.
Experiment

Experimental equipment
Ultrasonic direct irradiation was carried out using ultrasonic homogenizer with titanium horn (UH-105, SMT Co.), which was operated at frequency of 20 kHz. We also used homogenizer (T 25 digital ULTRA-TURRAX, IKA). 
Emulsification procedure using one-step method
Oil in water emulsion was prepared using ultrasonic homogenizer and homogenizer. Ion exchanged water with Tween 20 as a surfactant was used as a continuous phase, and toluene was used as a dispersed phase. The volume fraction of toluene was changed between 1 and 10 vol%, and the surfactant concentration was changed between 0.1 and 1 wt%. The total volume of solution was 20 × 10 6 m 3 .
In the case of ultrasonic homogenizer, frequency and power were 20 kHz and 13.5 W, respectively, and ultrasonic irradiation time was changed between 0 -10 min. In the case of homogenizer, the rotation speed was 13,000 rpm, and processing time was changed between 0 -15 min.
Emulsification procedure using two-step method
In the first step, crude emulsion was prepared using ultrasonic homogenizer, homogenizer, and magnetic stirrer. In the second step, final emulsion was prepared using indirect ultrasonic irradiation. Ion exchanged water with Tween 20 as a surfactant was used as a continuous phase, and toluene was used as a dispersed phase. The volume fraction of toluene, the surfactant concentration, and the total volume of solution were 1 vol%, 0.1 wt%, and 20 × 10 6 m 3 , respectively.
In the case of ultrasonic homogenizer, frequency, power, and irradiation time were 20 kHz, 13.5 W, and 4 min, respectively. In the case of homogenizer, the rotation speed and processing time were 6,000 rpm and 10 min, respectively. In the case of magnetic stirrer, the rotation speed and processing time were 1,000 rpm and 15 min, respectively.
In the second step, ultrasound was irradiated to crude emulsion indirectly. Ultrasonic frequency was changed between 20 -4600 kHz. Ultrasonic power and irradiation time were 6.5 W and 10 min, respectively.
Analysis
After the preparation of emulsion, the oil droplet size distribution was measured using a fiber-optics particle analyzer (FPAR-1000, Otsuka Electronics) or a laser diffraction particle size analyzer (Accusizer 780, Agilent Technologies, Inc.). The ultrasonic power level in the reactor was measured by a calorimeter (Contamine et al., 1995) . Figure 2 shows the effect of processing time on the sauter mean oil droplet diameter at surfactant concentration of 1 wt% for various preparation methods. Figure 3 shows the effect of volume fraction of oil on the sauter mean oil droplet diameter for various preparation methods. Ultrasound is more suitable for emulsification than homogenizer. Droplet diameter increases with increasing volume fraction of toluene. And, droplet diameter decreases with increasing surfactant concentration. On the other hand, droplet diameter does not depend on processing time. However, the stability of emulsion changes. Figure 4 shows the effect of ultrasonic frequency at second stage on the sauter mean diameter for various initial droplet size using two-step emulsification method. When the droplet diameter of crude emulsion was large, emulsion with small droplet was prepared using low frequency, and emulsion with large droplet size was prepared using high frequency. On the other hand, when the droplet diameter of crude emulsion was small, emulsion with small droplet was prepared using high frequency, and ultrasonic irradiation in the second step was not observed using high frequency. Fig. 4 . Effect of frequency at second stage on sauter mean diameter for various initial droplet size using two-step emulsification method.
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Conclusions
Ultrasonic emulsification was more suitable than mechanical emulsification with a homogenizer. In addition, nano emulsion whose droplet diameter was around 100 nm was able to prepare by a two-step emulsification method. The droplet size of the emulsion was found to be influenced by the relationship between droplet size of the crude emulsion and ultrasonic frequency in the second stage. 
